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Abstract
Measurements by OSIRIS, an infrared imaging system that measures emission
from excited-state molecular oxygen, are used to retrieve mesospheric ozone through
a photochemical model.
The design of the model and the spectral data used in the calculation of pho-
tochemical production coefficients are presented. The model has been run in a
variety of modes to provide comparisons with measurements of excited-state molec-
ular oxygen; it has been found that the model results are in excellent agreement
with measurements.
The model is used in conjunction with a retrieval scheme to estimate the con-
centrations of mesospheric ozone from measurements made on a satellite platform.
An analysis of the sensitivity of retrieved ozone to key model parameters is done,
and it is shown that uncertainty in several kinetic reaction rates can significantly
change the retrieved results. Comparisons are made for the ozone retrieved in this
work and that from several other instruments that make similar measurements. The
retrieved concentrations are shown to be in excellent agreement with results from
other instruments.
The present work provides a climatological database of mesospheric ozone and
will provide useful comparisons with concurrent measurements of mesospheric ozone.
The new data obtained in this work are in good agreement with expected results,
and it is shown that the unprecedented high-spatial resolution of OSIRIS reveals
interesting features that should be further investigated.
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Chapter 1
Introduction
1.1 Measurements of Atmospheric Airglow
The study of the airglow - atomic and molecular emissions in the atmosphere - pro-
vides a key means of understanding many physical and chemical processes in the
atmosphere. Over time an extensive range of measurement techniques and viewing
platforms have been developed to study these processes. The dominant measure-
ment technique has passed from ground-based instruments to rocket and balloon
measurements through to billion-dollar scientific satellites. Currently the diversity
of techniques provides complementary measurements that are made from various
measurement platforms. The daily high-resolution global maps of key atmospheric
species made with satellite-based instruments are validated by very accurate mea-
surements from dispersed ground-based, balloon, and rocket experiments. The work
presented in this thesis employs measurements of the Oxygen InfraRed Atmospheric
(OIRA) bands made by the OSIRIS instrument on the Odin satellite. The purpose
of this work is to develop a photochemical software model that allows the retrieval
of important atmospheric parameters, notably the mesospheric ozone profile, from
these OSIRIS measurements.
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1.2 The OSIRIS InfraRed Imaging System
OSIRIS, the Optical Spectrograph and InfraRed Imaging System, is the Canadian
contribution to the Swedish-led Odin spacecraft. Odin is a collaboration between
the Swedish Space Corporation (SSC), the French National Space Board (CNES),
the Canadian Space Agency (CSA), and the Finnish Meteorological Institute (FMI).
As the name suggests, OSIRIS consists of a UV-visible optical spectrograph and an
infrared imaging system. The present work focuses on measurements made by the
InfraRed Imaging System (IRIS) of the 1.27 µm emission of molecular oxygen, a key
constituent in ozone photochemistry and an important species in the energetics of
the mesosphere.
1.3 Photochemical Modeling and Retrieval of Ozone
The chemical species responsible for the 1.27 µm emission of molecular oxygen,
O2(a
1∆g), is primarily produced in the atmosphere when a solar UV photon breaks
apart an ozone molecule. As such, daytime measurement of O2(a
1∆g) serves as a
proxy measurement of ozone. In this work, a photochemical software model that
estimates the expected height profile of O2(a
1∆g) concentrations for a given O3
height profile at a given local time and geographic location has been developed. An
investigation of the accuracy of this model is made, and a number of comparisons
between measured and modeled O2(a
1∆g) are presented.
The photochemical model is used in conjunction with a retrieval technique to
perform retrievals of mesospheric ozone from O2(a
1∆g) measured by OSIRIS. A
summary of several common retrieval techniques employed in atmospheric remote
sensing is presented. Due to the Odin orbit, OSIRIS measurements of O2(a
1∆g) are
made at a variety of local times with sunrise or sunset conditions present throughout
roughly a third of the O2(a
1∆g) measurements. This corresponds to an accelerating
and decelerating production of O2(a
1∆g) from ozone photolysis, and presently limits
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the regions of the Odin orbit in which O3 retrievals can be performed. An investi-
gation of those regions of the Odin orbit that exist in photochemical steady-state
conditions is done. Following a brief sensitivity analysis to model parameters, re-
trieved ozone for a number of times throughout the Odin mission are shown. Several
notable features that have been observed are also identified.
1.4 Outline
A history of the measurement of ozone and the oxygen infrared atmospheric bands
is given in Chapter 2. Aspects of ozone production and O2(a
1∆g) photochemistry
that are relevant to this work are presented. The OSIRIS instrument is presented
in its relation to measurements of the OIRA bands. The Odin orbit and its effects
on O2(a
1∆g) measurements are also discussed.
The photochemical model developed in this work is presented in Chapter 3. Es-
sential elements of photochemical modeling are discussed, namely the solution of the
continuity equation, the calculation of photolysis and photoexcitation coefficients,
and the penetration depth of solar radiation. The modeled O2(a
1∆g) for a number
of test cases is shown. Various types of retrieval techniques that were considered in
this work are outlined in Chapter 4. Local time variations throughout the Odin orbit
are used to define regions of the orbit in which ozone retrievals can be performed. A
brief analysis of the sensitivity of ozone retrievals to a number of model parameters
is given in Chapter 5. It is shown that uncertainty in several key parameters can
create significant uncertainty in the retrieved ozone. Comparisons are done between
ozone retrieved in this work and ozone retrieved from other instruments. This is
followed by a brief presentation of interesting features seen in the retrieved ozone
concentrations. A summary of the present work and recommendations for future
work are given in Chapter 6.
3
Chapter 2
Background
2.1 Introduction
This chapter provides an introduction to the measurement and photochemistry of at-
mospheric O2(a
1∆g). A summary of its measurement, from discovery to the present
day, is presented and followed by a discussion of the photochemical production and
loss mechanisms. With this foundation, a description of the OSIRIS instrument is
given, and the chapter concludes with a discussion of the OSIRIS measurements of
the Oxygen InfraRed Atmospheric bands.
2.2 Ozone
The presence of ozone in the atmosphere was first suggested by Hartley (1880) who,
having measured the ultraviolet absorption of ozone, suggested it was responsible
for the sharp cutoff in solar irradiance in the ultraviolet region at the ground. Sub-
sequent measurements by Fabry and Buisson (1913, 1921) proved that this was the
case, and resulted in the calculation of an ozone column of 0.3 cm, which is very
close to current measurements. Chapman (1930) proposed a kinetic model for the
production and destruction of atmospheric ozone that still forms the basis of the
4
current understanding. Chapman stated that ozone formation is initiated by the
photolysis of molecular oxygen,
O2 + hν(λ < 242 nm) −→ O +O, . (2.1)
The highly reactive atomic oxygen then reacts with O2 to form O3:
O +O2 +M −→ O3 +M, (2.2)
where the third body M , required to preserve energy and momentum, may be N2
or O2. In the Chapman ozone chemistry, photodissociation also plays a role in the
cycling between ozone and atomic oxygen; this is seen in the following reaction,
O3 + hν(λ < 310 nm) −→ O2 +O, (2.3)
where the atomic oxygen product may recombine to produce ozone. To limit
the production of ozone by O2 photolysis, Chapman proposed that ‘odd oxygen’
(Ox =O+O3) would be lost through odd-oxygen recombination:
O3 +O −→ O2 +O2. (2.4)
The basic Chapman concept assumes a pure oxygen chemistry, with no surface chem-
istry or catalysis, and no transport. This set of reactions explained the existence
of an ozone number density maximum in the stratosphere, as photolysis increases
with height and O2 number density decreases with height. However, the measured
rate constant for reaction (2.4) is smaller than that suggested by Chapman, so that
oxygen atmosphere scheme would result in larger odd oxygen concentrations than
are observed. Further studies (Bates and Nicolet, 1950) showed the existence of cat-
alytic loss cycles in this reaction. These were found to match the calculated ozone
abundances to the measured values. However, the assumption of zero transport that
was accepted in the original Chapman model would still result in a much greater
accumulation of ozone in the tropics than has been observed.
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2.3 Measurement of the Oxygen Infrared Atmo-
spheric Bands
An understanding of the photochemistry of atmospheric O2(a
1∆g) is essential in
considering the problem of mesospheric ozone retrieval from OSIRIS observations.
The first observations of the 1.27 µm infrared bands of molecular oxygen were
reported by Ellis and Kneser (1933) who measured the absorption spectrum of liquid
oxygen. The first reported measurement of these bands in the solar spectrum was
made by Herzberg (1934) who used a photographic plate to measure the infrared
solar spectrum. Well-resolved fine structure was observed and a detailed fine struc-
ture analysis was done to obtain the selection rules and preliminary spectroscopic
coefficients for the transition. This analysis revealed that the absorption feacture
was due to a (0,0) transition between the singlet delta excited state and the ground
state of molecular oxygen.
Subsequently, measurements of the Meinel OH vibrational-rotational bands us-
ing ground-based spectrometers (Vallance Jones and Harrison, 1958) revealed an
apparent asymmetry in the (4,2) band structure, and led to the discovery of a
1.58 µm oxygen emission. This emission is due to the transition from the zeroth
vibrational level of O2(a
1∆g) to the first vibrational level of ground state molecular
oxygen. It was observed that the emission had a steady daytime value and had a
decay time of 30 minutes in the evening twilight. The suggested production mech-
anisms for O2(a
1∆g) were resonant phosphorescence by infrared solar radiation and
the reaction of atomic oxygen and ozone. The initial ground-based observations of
the 1.27 µm band were unsuccessful due to the large amount of self-absorption by
ground-state molecular oxygen. Self-absorption in the (0,1) band from the emission
point to the ground is negligible as the number of O2 molecules in the first vibra-
tionally excited state is several orders of magnitude less than the number in the
zeroth vibrational state. As such, ground-based observations of the (0,1) band yield
greater intensities than those of the (0,0) band, at least for observations at low solar
6
elevation angles.
A series of ground-based observations of the 1.58 µm emission was continued,
where work focused on quantifying the daytime emission and the morning and
evening twilight variations of the signal. Extensive work by Vallance Jones and Gat-
tinger (1963) suggested that neither of the proposed production mechanisms could
satisfactorily explain the existence of O2(a
1∆g) in the atmosphere. These measure-
ments indicated a seasonal variation in the evening twilight emission when the sun
was just above the horizon; the intensity measured in winter was greater, by a fac-
tor of three, than the summer emission measurements. However, no such seasonal
variation was observed in high-altitude aircraft-based observations of the daytime
emission intensity (Gattinger and Vallance Jones, 1966). In the ground-based obser-
vations, the 1.58 µm oxygen emission was clearly seen in the evening twilight, but
was essentially absent in the morning twilight. To explain this behaviour, Vallance
Jones and Gattinger (1963) proposed that the primary production mechanism of
O2(a
1∆g) was the photodissociation of ozone in the Hartley continuum. Collisional
quenching of the excited molecules by molecular oxygen, molecular nitrogen, and
atomic oxygen was suggested as the cause of the observed twilight decay being less
than the radiative lifetime.
As the 1.58 µm band of the oxygen infrared atmospheric bands is blended with
the (4,2) band of the Meinel OH system, airborne measurements of the 1.27 µm
emission were undertaken to understand the production and loss of the observed
O2(a
1∆g). Noxon and Vallance Jones (1962) made the first reported measurements
of the 1.27 µm emission from a high-altitude aircraft, at 13 km. Measurements
of the daytime and evening twilight aiglow emissions were made with a grating
spectrometer; these showed a daytime zenith emission intensity of 10 MRayleighs. A
series of measurements (Noxon and Markham, 1963; Gattinger and Vallance Jones,
1966; Noxon, 1967) made similar aircraft-based observations of the day and twilight
emissions of the (0,0) band during a solar eclipse; these results were all consistent
with O2(a
1∆g) production due to ozone photolysis.
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Several experiments by Evans (1967) employed a balloon platform to reach an
altitude of 30 km; this significantly reduced the amount of self-absorption of the
signal. These observations examined the variation of the emission intensity during
the morning and evening twilight periods and throughout the day. Measurements
were also made during the daytime ascent of the balloon to assess the contribution
of resonance phosphorescence; these showed that there was no significant volume
emission below 30 km and led to its rejection as a primary source of atmospheric
O2(a
1∆g). These observations also showed several key trends: a rapid increase
in emission intensity throughout the morning twilight, when ultraviolet radiation
first reaches the region of the ozone maximum; a dayglow variation that suggests
photochemical equilibrium; and a slower decay of the signal in the evening twilight
than that observed from ground-based measurements.
The balloon experiments demonstrated that the bulk of the 1.27 µm emission
originated above 30 km, but said little about the altitude distribution of the emis-
sion. A series of rocket experiments (Llewellyn et al., 1967; Evans et al., 1968)
showed that the emission peaked near an altitude of 55 km, and confirmed that the
production of atmospheric O2(a
1∆g) is primarily due to ozone photolysis. A dis-
tinct second layer in the emission profile near 85 km was observed during the course
of these experiments. Additional rocket-based experiments (Haslett et al., 1969;
Wood, 1972) made similar observations, and so confirmed the existing observations
and understanding.
At that time, the use of satellite technology to obtain global maps of atmospheric
constituents had spread to the public research sector. Global maps of singlet delta
observations were made possible by the Solar Mesospheric Explorer (SME), which
made measurements of the 1.27 µm band with a limb-scanning spectrometer, to-
gether with measurement of ozone in the stratosphere and mesosphere. SME obser-
vations confirmed the excess emission above 80 km reported by Evans et al. (1968),
and provided evidence to support the claim that this excess was an ozone feature
(Thomas et al., 1983; Thomas et al., 1984).
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As the ability to make global measurements with satellites improved, and with
the detailed height resolution made possible by rocket experiments, there was need
for a greater understanding of the production and loss mechanisms of atmospheric
O2(a
1∆g). With this goal in mind, modeling work was performed over the next
several years; this focused on better interpretation of observations, notably the non-
steady state twilight observations. Several photochemical models were developed
to aid in the interpretation of measurements (Lo´pez-Gonza´lez, 1989; Sica, 1991;
Mlynczak and Olander, 1995). The standard model for O2(a
1∆g) was developed by
Mlynczak et al. (1993).
OSIRIS is one of a series of recent satellite-borne instruments that make global
measurements of O2(a
1∆g), along with NASA’s SABER on TIMED (Russel et al.,
1999), and the European Space Agency’s SCIAMACHY on ENVISAT (Bovensmann
et al., 1999). However, a distinguishing feature is that OSIRIS makes use of a tomo-
graphic technique that provides unprecedented spatial resolution in measurements
of the 1.27 µm emission (Degenstein et al., 2003).
2.4 Photochemistry of O2(a
1∆g)
The (0,0) band of the Oxygen InfraRed Atmospheric (OIRA) band system at 1.27 µm
is one of the brightest emissions in the airglow. The emission results from a vibrational-
rotational spin-forbidden magnetic dipole transition in molecular oxygen,
O2(a
1∆g) −→ O2(X3Σ−g ) + hν(1.27µm). (2.5)
Due to the magnetic dipole nature of this transition, and so its relatively low transi-
tion probability, the emission has a long radiative lifetime; the spontaneous emission
coefficient (A∆) is 2.19× 10−4 s−1 (Newman et al., 1999).
The key photochemical processes involved in the production and loss of O2(a
1∆g)
are illustrated in Figure 2.1. All branches and mechanisms mentioned in the follow-
ing discussion refer to the mechanisms shown in this figure.
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Figure 2.1: Production and loss mechanisms for O2(a
1∆g).
Ozone photodissociation, JH , is the primary production mechanism for O2(a
1∆g).
Ozone photolysis in the Hartley band results in O2(a
1∆g) as well as excited atomic
oxygen, O(1D):
O3 + hν(210− 310 nm) −→ O2(a1∆g) +O(1D), (2.6)
with a quantum efficiency of φ = 0.9.
In addition to direct production through ozone photolysis, O2(a
1∆g) is also pro-
duced indirectly by energy transfer (kD,O2) from O(
1D) by way of O2(b
1Σ+g ). In this
process, O(1D) reacts with O2, transferring energy to the molecule that results in
the formation of the excited O2(b
1Σ+g ) state,
O(1D) +O2 −→ O2(b1Σ+g ) +O(3P ). (2.7)
In turn, O2(b
1Σ+g ) interacts with other molecules, and is quenched (kΣ) to O2(a
1∆g),
O2(b
1Σ+g ) +Q −→ O2(a1∆g) +Q, (2.8)
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where the quencher Q in this reaction may be one of several atmospheric molecules
(CO2, O3, O, O2, or N2). In addition to the production of O2(b
1Σ+g ) through energy
transfer from O(1D) (2.7), it is also produced by the direct resonant absorption of
sunlight at 762 nm,
O2 + hν(762 nm) −→ O2(b1Σ+g ). (2.9)
In addition to the radiative relaxation of O2(a
1∆g) (2.5), there is also collisional
quenching (k∆),
O2(a
1∆g) +Q −→ O2(X3Σ−g ) +Q. (2.10)
At lower altitudes, where the atmospheric density is large, collisional quenching is
the dominant factor in determining the average lifetime of a O2(a
1∆g) molecule.
The altitude dependence of the chemical lifetime of O2(a
1∆g), as calculated by the
model developed in this work, is shown in Figure 2.2. It is apparent that below about
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Figure 2.2: Height dependence of O2(a
1∆g) lifetime.
75 km, where the quenching lifetime is much shorter than the radiative lifetime, it is
increasingly likely that a O2(a
1∆g) molecule will quench to the ground state before
it can radiate.
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In addition to production by ozone photolysis (JH), O(
1D) is also produced in the
photodissociation of molecular oxygen in the Schumann-Runge continuum (JSRC),
and by Lyman alpha (JLy−α)
O2 + hν(SRC,Ly−α) −→ O(3P ) +O(1D). (2.11)
Both O2(b
1Σ+g ) and O(
1D) can radiatively decay, with radiation lifetimes of 12 s
and ∼2 minutes respectively.
The presence of strong high-altitude 1.27 µm emissions visible in the absence
of solar illumination has suggested an additional atmospheric O2(a
1∆g) production
mechanism (Bantle et al., 1984). It is generally accepted that this source is a three
body recombination of atomic oxygen,
O(3P ) +O(3P ) +M −→ O2(a1∆) +M. (2.12)
This ‘nightglow’ layer, which is typically observed at a range of heights centered
around 90 km, is located within the region of the atomic oxygen maximum.
2.5 Features of the Oxygen Infrared Atmospheric
Bands
The energy levels and transitions relating to the lowest excited states of molecular
oxygen are shown in Figure 2.3. It should be noted that the O2(C
3∆+u ) state is also
known as the O2(A
3∆+u ) state. The selection rules for the O2(a
1∆g) to ground-state
spin-forbidden magnetic dipole transition govern the observed emission. The selec-
tion rules require that ∆K = 0,±1,±2, ∆J = 0,±1, and that symmetric states
combine with symmetric states (Herzberg, 1989). The nine branches of the transi-
tion, as allowed by the selection rules, are shown in Figure 2.4. It should be noted
that the zero nuclear spin of molecular oxygen means that certain rotational levels
are absent; these missing levels are shown as dotted in the figure. The absorp-
12
01
2
3
4
5
6
En
er
gy
 (e
V)
 
A3∆
u
+c1∆
u
−
a1∆g
b1Σg
+
v’’=0
X3Σg
−
C3∆
u
+
B3Σ
u
−
v’’=1
Sc
hu
m
an
n−
Ru
ng
e
H
er
zb
er
g 
I
H
er
zb
er
g 
III
Herzberg II
AtmosphericInfrared Atmospheric
1.58 µ
 m
1.27 µ
 m
0.7619 µ
 m
0.8645 µ
 m
Figure 2.3: Electronic states and transitions of O2.
1∆g
3Σg- J
J (=K)
K
} } } } }
0
0 11 222
2
333
3
444
4
55
5
6
2 3 4 51
1
R
SR
QR RQ PQ QQ
P
OP
QP
R
RQ
SR
PQ
P
QQ
QRQP
 
Figure 2.4: Branches of the O2(a
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tion cross section for the O2(a
1∆g) to ground state transition, calculated using line
positions and line strengths from the HITRAN database (Rothman et al., 2003),
is shown in Figure 2.5. The lines in this figure have a finite width that cannot
be seen on this scale. Radiation in the oxygen infrared atmospheric bands is also
possible through an electric quadrupole transition, however the contribution by the
quadrupole term to the transition probability is expected to be several orders of
magnitude less than that for the magnetic dipole term (Herzberg, 1989).
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Figure 2.5: Absorption cross section of the O2(a
1∆g−X3Σ−g ) bands.
2.6 The Odin Spacecraft
The Odin spacecraft is a collaboration between the Swedish, Canadian, French,
and Finnish space science communities. Odin was launched on February 20, 2001,
from the Svobodny Cosmodrome in eastern Siberia (51◦23’N,128◦08’E) into a near-
terminator sun-synchronous orbit. The Odin orbit is at an inclination of 97.8◦ to
the equatorial plane, leading to a precession period of 365 days, with the ascending
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node at 1800 LST (Local Solar Time). The Odin orbital period is 96 minutes,
and as such the longitude changes by 24◦ on successive orbits. The illuminated
latitudinal coverage varies throughout the year, and has limiting values of 82.2◦ S
and 82.2◦ N. The relative orientation of the Odin orbit to the sun at several times
throughout the year are shown in Figure 2.6. Odin carries two instruments, OSIRIS
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Figure 2.6: Precession of the Odin orbit throughout one year.
and the Submillimetre and Millimetre Radiometer (SMR). The SMR provides data
for both astronomy and aeronomy objectives, while OSIRIS is exclusively dedicated
to aeronomy experiments.
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2.7 OSIRIS - The Optical Spectrograph and In-
fraRed Imaging System
The Optical Spectrograph and InfraRed Imaging System (OSIRIS) is the Cana-
dian designed and built instrument on board Odin. When Odin makes measure-
ments in astronomy mode with the SMR, OSIRIS is turned off. In aeronomy mode,
the Optical Spectrograph scans the limb and makes approximately fifty spectrum
measurements throughout the course of a single up- or down-scan. However, the
InfraRed Imaging System (IRIS) continuously makes vertical limb measurements.
OSIRIS and the SMR both look directly forward at the limb along the satellite
track, although off-track observations are possible.
The OSIRIS limb-viewing measurement geometry is shown to scale in Figure 2.7.
The bottom 100 km of atmosphere, the height range defined by the field of view of
the IRIS, is represented in this figure by the blue annular ring. The position of Odin
in orbit and the IRIS lines of sight for several positions along the satellite track are
shown.
A wireframe diagram of the OSIRIS instrument is shown in Figure 2.8. The
Optical Spectrograph is on the right side of the figure, and the three channels of the
InfraRed Imaging system are on the left.
2.7.1 The Optical Spectrograph
The OSIRIS optical spectrograph (OS) is a grating spectrograph that covers the
spectral range between 280 and 800 nm, with a resolution of approximately 1 nm.
The OS is coaligned with the optical axis pixel of the IRIS, and as such provides the
opportunity for intercalibration and comparison of the two instruments (Llewellyn
et al., 2004).
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Figure 2.7: Scale representation of OSIRIS limb measurement geometry.
2.7.2 The Infrared Imaging System
The InfraRed Imaging System (IRIS) consists of three single lens interference filter
imagers. Two channels observe radiation from the O2(a
1∆g−X3Σ−g ) transition; the
central wavelengths are at 1.263 µm and 1.273 µm, with Gaussian passbands of
10.0 nm FWHM. A third channel measures the OH Meinel bands at 1.530 µm with
a tophat (rectangular) passband of 40.0 nm FWHM. The optical assembly of each
channel consists of a baffle system, a combined shutter and calibration source, an
interference filter, a zinc selenide lens, and a 128-element InGaAs linear array. The
last 18 pixels of each linear detector array are masked for calibration purposes; the
vertical field of view of each channel is approximately 100 km in the limb.
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Figure 2.8: Wireframe diagram of the OSIRIS instrument.
2.8 O2(a
1∆g)Measurements with the InfraRed Imag-
ing System
A surface of the atmosphere 1 km in height and 2 km wide at the tangent point in the
limb is imaged on to each pixel of the IRIS photodetector arrays. The photodetector
arrays thus provide three simultaneous limb profiles of the measured brightness
within their respective spectral regions. The limb brightness observations of the
1.27 µm emission are used as inputs to a tomographic technique that retrieves the
volume emission profiles of O2(a
1∆g). In this technique the line of sight intensity
measurements from a large number of limb profiles are combined, with the result
that a high-spatial resolution grid of volume emission rates along the satellite track
is obtained.
The tomographic retrieval was developed from a technique used by Lloyd and
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Llewellyn (1989) to deconvolve blurred images from a Fabry-Perot interferometer.
The technique, which depends on photon counting statistics, was developed to solve
the problem of recovering the radial profile of a spectral line from an off-center,
distorted one-dimensional cross section of the interferometer pattern. The method
finds the most likely distribution of photon counts that will account for the ob-
servations. In their study Lloyd and Llewellyn also considered the application of
the technique to the recovery of volume emission profiles from rocket photometry
experiments. McDade and Llewellyn (1991) extended this ‘maximum probability’
technique to the recovery of the two-dimensional distribution of auroral emission
rates from tomographic rocket photometer measurements. The many measurements
made throughout the rocket flight constitute a series of line integral measurements
through the two-dimensional emission field that is to be retrieved. This idea was
extended by Degenstein et al. (2003) to the problem of retrieving horizontal and ver-
tical structure from a series of limb images taken aboard a satellite. This procedure
was shown to accurately recover horizontal structure, on the order of 1◦ along the
satellite track, even in the presence of significant random noise. This is the method
that is applied to the IRIS limb observations to produce O2(a
1∆g−X3Σ−g ) volume
emission rate profiles along the satellite track.
The average data from several orbits of retrieved O2(a
1∆g) concentrations ob-
tained in this way are shown in Figure 2.9. In this figure the average of several
orbits is used to capture the bulk features of the measurements; a single orbit of
OSIRIS observations leads to very high-spatial resolution results that can mask the
bulk features. The data obtained in a daily average, Figure 2.9, will be used for
comparison purposes in Chapter 3.
The coordinates in this figure are: horizontally, the angle along the satellite track
from the ascending node, and vertically, the geodetic altitude. The data shown are
the average of eight orbits of measurements made on June 21, 2003; this positions the
orbit such that Odin makes daytime measurements in the northern hemisphere and
the southern hemisphere is under nighttime conditions. Several regions due to the
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−3] for eight orbits on
June 21, 2003.
local time at the measurement point are apparent in this figure. Along the satellite
track, the local time varies from local sunset at 0◦, to local noon (90◦), local sunrise
(180◦), local midnight (270◦), and returns to local sunset at 360◦ along the satellite
track. The large concentrations of O2(a
1∆g) in the first half of the orbit are due
to ozone photolysis in the illuminated portion, with a peak in the number density
occurring near 50-55 km. The sunset and sunrise transition portions are clearly seen;
the differences between the two are readily apparent. Sunrise shows a quick onset of
photodissociation, whereas a long, slow decay is seen in the twilight on the sunset
side of the orbit. The southern hemisphere section of the orbit is in darkness, and
as such displays no photochemically produced O2(a
1∆g). The presence of a faint
secondary layer near 85 km in the nighttime portion of the observations corresponds
to production by three-body recombination near the atomic oxygen peak.
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The daytime measurements made by OSIRIS allow the determination of the
ozone concentration in the mesosphere. In the next chapter the photochemical model
used for the calculation of O2(a
1∆g) concentrations from ozone and the retrieval of
O3 from the measurements is described.
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Chapter 3
Photochemical Model
3.1 Introduction
This chapter provides a description of the photochemical software model developed
in this work that is used to perform retrievals of ozone from measurements made by
the OSIRIS InfraRed Imaging System channels. The most general form of the model
is a one-dimensional, time-dependent photochemical model that takes as input a
height profile of ozone concentrations and calculates the concentration height profile
of O2(a
1∆g). The components of the model and some results are presented in this
chapter.
3.2 Photochemical Modeling
3.2.1 Continuity Equation
Atmospheric modeling requires the simultaneous solution of the continuity equations
for all chemical species of interest. To solve for the temporal and spatial dependence
of the volume mixing ratio [X] of a chemical species the continuity equation is used,
∂[X]
∂t
+∇ · (Xu) = SX , (3.1)
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where u is the velocity of air through the volume, and SX is the chemical forcing
within the volume. For steady-state chemical forcing, SX is zero, and any change
in the number density accumulation is matched by a change in the flow into the
volume.
When an instrument simultaneously measures both winds and chemical concen-
trations velocity information can be inferred, and used in the solution of the conti-
nuity equation. As the OSIRIS instrument does not measure wind, only the species
concentrations can be determined. For the assumption of no transport, u = 0 in
equation (3.1), the continuity equation is expressed in terms of chemical production
(PX) and loss (LX) terms. This allows for a solution for the species mixing ratio X,
∂[X]
∂t
= PX − LX [X]. (3.2)
The solution of the coupled continuity equations in this form, for the species O2(a
1∆g),
O2(b
1Σ+g ), and O(
1D), allows the ozone concentration to be determined from mea-
sured O2(a
1∆g) concentration. The background atmosphere (N2, O2, O, and H
concentrations) and temperature profiles used are from the MSIS model (Hedin,
1991). It should be noted that parameterizations of transport from other models
could be included into future developments of this model, which is beyond the scope
of this work.
3.2.2 Photochemical Production Coefficients
The production terms, PX , in equation (3.2) typically involve photochemical pro-
cesses. Calculation of photochemical coefficients depends on the solar flux available
at the measurement point and the cross-section of the absorbing molecule. The
monochromatic form of this calculation, at wavenumber ν, is
JX(ν) = F (ν) · σX(ν), (3.3)
where F (ν) is the solar flux at wavenumber ν, in photons
cm2·s , and σX(ν) is the absorp-
tion cross section of molecule X at wavenumber ν in cm
2
photon·molecule . A wavelength-
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dependent quantum yield is included in the spectral data used in this model. The
photolysis coefficient JX has units of
photodissociations
s·molecule . The characteristics of the
molecular absorption cross-sections depend upon the transitions available to a ground
state molecule. Dissociative transitions typically display a continuous energy depen-
dence, with banded structures at energies below the dissociation limit. These bands
correspond to vibrational and rotational transitions between the different electronic
states. The higher-energy end of a dissociative absorption region typically has a
smooth, continuum-like, structure that is related to the continuous range of ener-
gies accessible beyond the dissociation limit. The absorption cross sections used in
the present model are described in Sections 3.3.1 and 3.3.2. The absorption cross
section is a function of temperature in the band regions due to both the varying
population of rotational states and the temperature dependence of the absorption
linewidths.
In practical computations of photochemical production terms, the solar flux
F (h, ν) at a modeled height h is calculated as
F (h, ν) = F∞(ν) exp[−τ(h, ν)], (3.4)
where F∞(ν) is the ‘outside of atmosphere’ solar flux. The optical depth τ(h, ν) is
the total wavelength-dependent absorption of solar flux by the atmosphere down to
height h. The attenuation due to each absorbing species must be included in the
computation of the optical depth. For an absorbing species i, the optical depth at a
measurement height, h, is calculated by determining the total pathlength of species
i through which the solar radiation passes,
τi(h, ν) =
∫ h∞
h
ni(s)σi(s, ν)ds, (3.5)
where the integration extends to a ‘top of atmosphere’ height, h∞. The temperature
dependence of the absorption cross section is characterized as a height dependence
for the assumption of a stratified atmosphere. Optical depths for each absorbing
species i, at each wavenumber ν are summed for all absorbing species to give the
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total optical depth,
τ(h, ν) =
N∑
i=1
τi(h, ν). (3.6)
The modeling in this thesis focuses on processes that are active in the ultraviolet re-
gion of the spectrum, namely attenuation due to O2 and O3 absorption and through
Rayleigh scattering.
The solar flux data used to calculate photolysis coefficients in the model are
from the UARS SOLSTICE observations; these values are the average of measure-
ments made for solar maximum (January 1-March 31, 1992) and solar minimum
(January 1-March 29, 1995) conditions. A wavelength-dependent parameterization
of the change in incident solar flux that is due to solar cycle variation is included in
the model. In the Hartley band the change in solar flux due to solar cycle variation
is typically one percent.
3.3 Transmission of UV Solar Flux
3.3.1 Ozone Absorption Cross Section
The Hartley band of ozone is the primary absorber of middle- to near-ultraviolet light
in the atmosphere; this absorption is also responsible for the production of O2(a
1∆g)
through reaction (2.6). The ozone absorption cross section used in the model (De
More et al., 1997) is shown in Figure 3.1. The small temperature dependence that
exists in the Huggins bands, between 275 and 350 nm, is also included in the figure.
The Chappuis bands in the visible region of the solar spectrum are responsible for
absorption near the stratospheric ozone maximum. The small cross-sections due to
absorption in the near-infrared Wulf bands are omitted from this figure.
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Figure 3.1: Absorption cross section of O3.
3.3.2 Molecular Oxygen Absorption Cross Section
Absorption by molecular oxygen modifies the ultraviolet flux available for photolysis,
and contributes to the production of O2(a
1∆g) (reaction 2.11) through absorption
in the Schumann-Runge continuum and by solar Lyman-α. The absorption cross
section (De More et al., 1997) for molecular oxygen is shown in Figure 3.2. The
wavelength structure in the Schumann-Runge bands, which lie between 175 and
205 nm, is not shown. This highly structured absorption region corresponds to a
predissociation,
O2(B
3Σ−u ) + hν(175− 205 nm) −→ O(3P ) +O(3P ), (3.7)
that results from the crossing of a dissociative curve that can produce two ground
state oxygen atoms. The extensive line structure in this region requires the absorp-
tion to be treated separately.
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Figure 3.2: Absorption cross section of O2.
3.3.3 Absorption in the Schumann-Runge Bands
The O2 absorption cross section in the Schumann-Runge bands (SRB) at 300 K is
shown in Figure 3.3. The onset of the Herzberg continuum is seen in this figure
at 198 nm, where its absorption begins to exceed SRB absorption. An absorp-
tion parameterization developed by Kockarts (1994) is used in the present model.
This parameterization divides the spectral range of the bands into 16 subregions; in
each subregion the average optical depth over all wavenumbers in the subregion is
adopted, and a functional fit of the average to the O2 column is made. In each of
the 16 subregions a functional fit to six decaying exponentials is performed. Twelve
coefficients are fit for each region: the magnitude and scale factor for each expo-
nential are determined by a nonlinear least squares technique that fits to the values
obtained from a line-by-line, temperature-dependent calculation. This analysis re-
sults in two ‘reduction factors’ Rj(O2) and Rj(M) being computed for each of the
j = 1 . . . 16 sub-regions. The reduction factors provide the transmission of the solar
flux in the Schumann-Runge bands, and photolysis coefficients are computed for O2
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Figure 3.3: Absorption cross section of O2 in the Schumann-Runge bands at 300 K.
as
JO2(ν) = F (ν)Rj(O2) exp [− (τRayl(ν) + τO3(ν))]. (3.8)
Here the O2 absorption cross section, σO2(ν), is incorporated into the reduction
factors Rj(O2). For all other species, X, in this region the photolysis coefficients are
JX(ν) = σX(ν)F (ν)Rj(M) exp [− (τRayl(ν) + τO3(ν))]. (3.9)
This wavelength region is important for calculation of the production of O(1D)
through O2 photolysis.
3.3.4 UV Solar Flux in the Mesosphere
The transmitted solar flux in the mesosphere can be calculated from the absorption
cross sections for molecular oxygen, ozone, and an effective absorption cross section
for Rayleigh scattering. The transmitted solar flux at several heights as calculated
by the model, for a solar zenith angle of 70◦, is shown in Figure 3.4. The three
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Figure 3.4: Transmitted solar flux in the mesosphere for a 70◦ solar zenith angle.
regions highlighted in this figure relate to the dominant absorbing species. Region
UV-I, below 210 nm, is primarily absorbed by O2 in the Schumann-Runge continuum
and bands, and is significantly attenuated in the mesosphere. Absorption in region
UV-II, between 210 and 310 nm, is primarily due to ozone absorption in the Hartley
bands. Absorption in this region is very sensitive to the ozone column through
which the solar radiation passes and increases significantly as the sun approaches the
horizon. Attenuation in region UV-III, above 310 nm, is due to Rayleigh scattering.
The attenuated solar flux for a solar zenith angle of 94◦ is shown in Figure 3.5.
Here the sun is below the horizon and light passes through the stratospheric ozone
maximum before the height of interest; thus the solar flux in the Hartley band
is effectively cut off. This shadow effect cuts off production of O2(a
1∆g); this is
apparent in the twilight decay shown in Figure 2.9.
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Figure 3.5: Transmitted solar flux in the mesosphere for a 94◦ solar zenith angle.
3.4 Photochemical Production Mechanisms
Photon absorption results in several possible fates for the absorber molecule that are
dependant on the photon energy. Two cases are of particular interest for the present
model. The first is photodissociation, in which a molecule is excited beyond the
dissociation energy, and results in fragmentation; the second is photoexcitation, in
this case the molecule is excited through absorption of a photon with the appropriate
energy. The calculation of the rate coefficients for these processes is a key component
in the model.
3.4.1 Photodissociation
Molecular photodissociation occurs when the internal energy of a molecule is raised
above the dissociation limit and creates fragmentary products. The calculation of
the photolysis coefficient, at a single energy, is shown in equation (3.3). However,
molecular absorption can occur over an extended spectral region so that the calcu-
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lation of the photolysis coefficient for absorption into a continuum involves the sum
of contributions from all photon energies,
JX(h) =
∫ ν2
ν1
σX(ν)F∞(ν) exp(−τ(h, ν))dν. (3.10)
The integration is between upper and lower wavenumbers, ν1 and ν2, that define the
transition energies. As the column densities of the absorber species increase with
decreasing altitude in the atmosphere, photolysis coefficients increase with height,
and reach the zero-optical depth value, J∞, at the top of the atmosphere. The
characteristics of photolysis coefficients in the mesosphere are illustrated in Figure
3.6, which shows the Hartley band photolysis coefficient calculated by the model
for several solar zenith angles. The photolysis coefficients are seen to decrease from
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Figure 3.6: Height profile of Hartley band photolysis coefficient, as a function of
solar zenith angle.
the zero optical depth value, J∞, at different rates; this is due to the change in the
absorber pathlength with solar zenith angle. The value J∞ is a characteristic of the
absorption cross section and the ‘top of the atmosphere’ solar flux, and has a value
of 8.1× 10−3 photodissociations
s·molecule for Hartley photolysis.
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3.4.2 Photoexcitation
A molecule can be promoted directly into an electronically excited state through
the absorption of a photon at the transition energy. In the model, photoexcitation
occurs in the oxygen A-band, where a strong absorption feature at 762 nm results in
the production of O2(b
1Σ+g ), and in the OIRA bands, where photons near 1.27 µm
can directly excite O2(a
1∆g).
The rate coefficients for these photoexcitation processes, the g-values, are calcu-
lated in the same way as the photodissociation coefficients, equation (3.10). How-
ever, in photoexcitation transitions can occur between combinations of different
vibrational-rotational levels in the two electronic states so that the absorption cross
sections are highly structured. These cross sections must be explicitly calculated to
account for both the temperature and pressure dependence of the absorption.
In a vibrational-rotational transition, absorption and emission occur at the allow-
able wavenumbers ν0,j, with each line having an associated absorption probability,
Sj, that is governed by the populations of the rotational levels at that temperature.
The absorption occurs in a spread of energies about the central line energy due to
temperature (Doppler) and pressure (Lorentz) broadening. The shape of each line
j is given by the Voigt profile, a convolution of the Doppler and Lorentz profiles,
φj,V (ν) = φj,D(ν) ∗ φj,L(ν). (3.11)
The absorption cross section at wavenumber ν is given by the sum of contributions
from each of the N broadened lines in the transition,
σ(ν) =
N∑
j=1
Sj · φj,V (ν − ν0,j). (3.12)
For the spectroscopic calculations performed in this work to determine photochem-
ical coefficients, the line positions, ν0,j, and line strengths, Sj, from the HITRAN
spectroscopic database were used. Line-by-line calculations of the cross section in-
volve the construction of a high-resolution wavenumber grid that covers all relevant
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energies ν in the transition; at each point ν, the cross-section is the sum of the contri-
butions from all lines in the transition. As a much higher-resolution solar spectrum
is needed for line-by-line models than for the photolysis coefficient calculations that
are performed over energy continua, the data used for line-by-line calculations are
from Kurucz (1995), which gives the solar irradiance at 1 cm−1 resolution.
The g-values, the photoexcitation rate per molecule, calculated by the model
for the O2 A-band transition at several solar zenith angles are shown in Figure 3.7.
There are similar features to those for the photodissociation coefficients, namely a
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Figure 3.7: Height profile of A-band g-values, as a function of solar zenith angle.
decrease from the zero optical depth value and a decrease as the O2 column increases.
The zero optical depth value, g∞, for the A-band calculated in the model is 6.1×10−9
photoexcitations
s·molecule .
The line-by-line spectral calculations discussed in this section are computation-
ally intensive, and cannot practically be determined with real-time processing. For
this reason, two approaches have been taken to avoid direct calculations in model-
ing: g-values for solar conditions appropriate to the Odin orbit are pre-calculated,
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and a parameterization of g-values as a function of O2 column is made. The param-
eterization is discussed in Section 3.4.4.
3.4.3 Precalculation of g-values
The precalculated grids of photoexcitation coefficients are determined for the typical
solar illumination throughout the Odin orbit. As the modeling is performed for every
location along the orbit track, a sensible method of precalculation is to compute
height profiles of g-values as a function of the angle along the satellite track; in this
way the two-dimensional grid can be used as a lookup table. For the Odin geometry,
zero degrees along the orbit corresponds to the equator crossing of the ascending
node. As the orientation of the sun with respect to the Odin orbit varies throughout
the year, these calculations must be made sufficiently often to represent accurately
the illumination conditions in an orbit. For this reason the precalculations are made
for each month using the solar conditions at the middle of each month.
The A-band g-values calculated by the model for the solar conditions during
a June orbit are shown in Figure 3.8. The daytime and nighttime portions of the
orbit are easily identified, as well as the twilight regions, in which the photoexcitation
coefficient decreases upwards as the sun moves below the horizon.
3.4.4 Parameterization of Photochemical Coefficients
The parameterization of photochemical coefficients is done by fitting a functional
form to a suitable set of independent variables. The data that are fit in this analysis
are the production coefficients calculated from equation (3.10). The independent
variables that determine the photoexcitation and photodissociation coefficients are
the ozone and molecular oxygen column densities to the modeled point.
The attenuation of the solar flux near the O2(b
1Σ+g −X3Σ−g ) and O2(a1∆g−X3Σ−g )
transitions due to O3 absorption and Rayleigh extinction is negligible. For this
reason a fit of the photoexcitation coefficients for both transitions to the O2 column
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for a June orbit.
provides an appropriate parameterization. The g-values, calculated in this work by
a line-by-line treatment, are shown for both transitions in Figure 3.9 as a function
of O2 column. The range of O2 columns used in these parameterizations covers the
full range encountered in mesospheric modeling; the largest column values shown
correspond to a modeled height of 30 km at a solar zenith angle of 90◦. Zhao and
Turco (1997) found that the functional trend shown in Figure 3.9 can be fit by
g(NO2) = g∞ exp (− bN cO2). (3.13)
The fit coefficients b and c can be determined from a linear fit,
ln
(
ln
(g∞
g
))
= ln(b) + c ln(NO2), (3.14)
when ln(ln(g∞
g
)) is plotted as a function of ln(NO2). A piecewise linear fit in this
fashion allows for the parameterization of the g values as a function of O2 column.
The fitted results are shown in Figure 3.9 together with the line-by-line calculated
data. The small amount of spread in the A-band g-values for O2 columns between
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Figure 3.9: Fit of A-band and OIRA band g-values to O2 column.
1022 and 1023 cm2 is due to the temperature dependence of the lineshapes; this effect
is omitted in the adopted parameterization. However, as the principal temperature
and pressure variations in the atmosphere are associated with altitude, this variation
can be treated by using the path-weighted absorption cross section,
σˆ(λ, z) =
∫∞
z σ[λ, T (z
′), p(z′)]n(z′)dz′∫∞
z n(z
′)dz′
. (3.15)
Zhao and Turco also showed that the g-value fit, Figure 3.9, is functionally equivalent
to calculations that use the path-weighted absorption cross section. The typical
mesospheric O2 columns encountered range between 10
18 and 1024 cm−2. Within
this range the functions provide an excellent fit. The data shown in Figure 3.9 can
also be fitted with piecewise-continuous line segments corresponding to equation
(3.12).
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3.5 O2(a
1∆g) Continuity equation
The photochemical reaction coefficients described in the previous section are the
production terms in the continuity equations (3.2) that are solved in the model.
For the production and loss mechanisms described in Section 2.4, the continuity
equations are
d[O(1D)]
dt
=
(
JH [O3] +
(
JSRC + JLy−α
)
[O2]
)
−
(
AD + kD[QD]
)
[O(1D)], (3.16)
d[O2(b
1Σ)]
dt
=
(
gΣ[O2] + φkD,O2 [O(
1D)][O2]
)
−
(
AΣ + kΣ[QΣ]
)
[O2(b
1Σ)], (3.17)
and
d[O2(a
1∆)]
dt
=
(
JH [O3] + g∆[O2] + kΣ[QΣ][O2(b
1Σ)]
)
−
(
A∆ + k∆[Q∆]
)
[O2(a
1∆)].
(3.18)
In these equations the photochemical production terms, JH , JSRC , JLy−α, gΣ, and g∆
are all functions of time. The rate coefficients have the meanings shown in Figure 2.1.
Coefficients Jband, gX , kX,q, and AX represent photodissociation, photoexcitation,
collisional quenching, and radiative decay respectively. The subscript convention
refers to the effect on species X, and where photodissociation is over an energy
band. It should be noted that a quantum efficiency φ limits the number of O2(b
1Σ+g )
molecules produced from the collision of O(1D) with molecular oxygen. Unless
otherwise noted, the rate coefficients used in this model are from the JPL chemical
kinetics evaluation (Sander et al., 2003).
The timescales for the coupled equations (3.16, 3.17, and 3.18) vary over several
orders of magnitude. The characteristic times are ∼1 ms, 12 s, and ∼70 min,
respectively. The solution of such a stiff set of equations, with time scales that differ
by more than three orders of magnitude, is typically performed with a predictor-
corrector variable-time step technique. A simpler alternative is to consider the
short-lived species to be in a photochemical steady-state and to use their steady-
state concentrations to calculate the time-dependent O2(a
1∆g) concentration. It
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follows that if O(1D) and O2(b
1Σ+g ) are in steady state, then
[O(1D)] =
ηJH [O3] + (JSRC + JLy−α)[O2]
AD + kq,D[QD]
(3.19)
and
[O2(b
1Σ)] =
gΣ[O2] + φkO2,D[O(
1D)][O2]
AΣ + kq,Σ[Qb]
. (3.20)
The substitution of these concentrations into equation (3.18) gives the time-dependent
concentration of O2(a
1∆g) as the solution of a single first-order differential equation.
Time evolution of the O2(a
1∆g) continuity equation is determined by calculating the
photochemical coefficients at every time step and evolving the model forward from a
known steady-state initial condition, namely local noon, to the measurement time.
O2(a
1∆g) approaches a photochemical steady-state when OSIRIS measures within
several months of summer solstice at high latitudes, where observations are made
near local noon. In this region, the solar zenith angle is essentially constant dur-
ing the measurement period so that the change in O2(a
1∆g) concentration over the
measurement period is very small. Thus it can be assumed that the O2(a
1∆g) con-
centrations do not vary during the measurement period. In this region the continuity
equation (3.18) can be solved in the steady-state form,
[O2(a
1∆)] =
ηJH [O3] + g∆[O2] + kq,Σ[Qb][O2(b
1Σ)]
A∆ + kq,∆[Qa]
. (3.21)
Equations (3.18) and (3.21) express the non-steady state and steady-state concen-
trations, respectively, of O2(a
1∆g). In Chapter 4 the possibility of performing re-
trievals in both regimes is considered. However, for operational processing of the
entire mission of OSIRIS data, only the steady-state form of the continuity equation,
equation (3.21), is used. An analysis of the locations in the Odin orbit in which the
steady-state approximation is valid is given in Section 4.2.
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3.6 Modeled O2(a
1∆g)
The photochemical model can be run for a variety of situations, both in terms of
the observing location and for different solar conditions. In this section, the results
from several test cases of the photochemical model are presented.
3.6.1 Relative Contributions to O2(a
1∆g)
It is useful, when viewing height profiles of O2(a
1∆g), to know the contributions from
the various production mechanisms throughout the range of heights measured by the
InfraRed Imaging System. Photochemical sources of O2(a
1∆g) depend strongly on
the solar zenith angle, and the modeled O2(a
1∆g) in regions where these mechanisms
dominate will also respond to any change in solar zenith angle. The amounts of
O2(a
1∆g) attributable to each of the production mechanisms discussed in Section
2.4, as calculated by the model developed in this work, are shown in Figure 3.10 for
a solar zenith angle of 60◦. It is apparent from this figure that the primary source
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Figure 3.10: Amounts of O2(a
1∆g) attributable to each production mechanism.
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for O2(a
1∆g) is direct production by O3 photolysis. There is a secondary, parallel
contribution from the co-product O(1D) through energy transfer (Q2, Q3). The
photoexcitation-induced contribution from O2(b
1Σ+g ) becomes a dominant source
between 65 and 85 km. The contribution from Schumann-Runge continuum and
Lyman-α O2 photolysis is a dominant source above 90 km, but becomes negligible
below 80 km. The production from three-body recombination, reaction (2.12), is
visible near the atomic oxygen layer peak around 90 km. Similar analysis of the
magnitude of contributions from each of the production mechanisms was performed
by Mlynczak et al. (1993), and the results obtained in the current work agree well
with their results.
3.6.2 O2(a
1∆g) Variation with Solar Zenith Angle
A change in the solar zenith angle changes the pathlength of the solar radiation
through the absorber species, which in turn causes a change in the photolysis coef-
ficients. As the column through the absorbing species increases, so the photolysis
rate decreases. The impacts of this effect can be understood through the following
discussion. The O2(a
1∆g) height profiles calculated with the photochemical model
at a latitude of 52◦N for a series of times, beginning after local noon and running
through to twilight conditions, are shown in Figure 3.11. Several features are ap-
parent in this figure. The number density peak rises as the sun nears the horizon
and the solar radiation passes through a longer O3 column. This results in large
optical depths and in decreased production by O3 photolysis. For solar zenith angles
greater than ∼80◦, there is significant quenching-related decay of O2(a1∆g) at lower
altitudes, and O3 photolysis ceases to produce O2(a
1∆g). The decay is greatest at
heights below 75 km, where the probability of quenching determines the lifetime
of O2(a
1∆g). Above this height, a O2(a
1∆g) molecule has a greater probability of
radiating than of quenching, and the solar zenith distance has a smaller effect on
the O2(a
1∆g) concentration. For heights between 80 km and 100 km production by
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Figure 3.11: Height profile of O2(a
1∆g) concentration, as a function of solar zenith
angle.
three-body atomic oxygen recombination is significant. Above 90 km, production
of O(1D) from Schumann-Runge dissociation of O2 is the dominant source, and this
production steadily decreases as the sun sets.
The diurnal variation of O2(a
1∆g) at a given location can be found by integrating
the continuity equation (3.18) over one day. The modeled O2(a
1∆g) concentration
for June 21, 2004 at Saskatoon, Saskatchewan (52◦N) is shown in Figure 3.12. The
features expected from the photochemistry are seen in this picture, notably a quick
onset of photolysis in the morning as the sun rises, a relatively stable concentration
throughout the day, and a slow decay of O2(a
1∆g) at sunset, with the longest decay
times occurring at high altitudes.
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Figure 3.12: Modeled concentration [cm−3] of mesospheric O2(a1∆g) at Saskatoon
(52◦N, 107◦W) on June 21, 2004, from local midnight to local midnight.
3.7 Comparison of Modeled andMeasured O2(a
1∆g)
The goal of the photochemical model developed in this work is to capture accurately
the primary features of the structures seen by OSIRIS throughout the course of one
orbit. Modeling is performed through a point-by-point run of the photochemical
model; this involves integrating equation (3.18) for the O2(a
1∆g) height profile at
every point along the satellite track. The assumed concentrations of O3 used in
the model are from the Labow climatology (McPeters et al., 1997). The climatology
provides volume mixing ratios of ozone in 10◦ latitude bins for each month at heights
up to 60 km. Above that height the climatological O3 concentration is exponentially
scaled with a scale height of 4.5 km, which is two-thirds the scale height of the neu-
tral atmosphere. The modeled O2(a
1∆g) for an orbit on June 21, 2003 is shown in
Figure 3.13. The retrieved O2(a
1∆g), averaged over eight orbits on June 21, 2003,
was shown at the end of the previous chapter, and is repeated in Figure 3.14 for
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comparison. There is excellent agreement is seen between the modeled and mea-
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Figure 3.13: Modeled O2(a
1∆g) concentrations [cm
−3] for a June 21, 2003 Odin
orbit.
sured O2(a
1∆g). However, one notable difference occurs at both 70 and 110
◦ along
the satellite track, where the modeled O2(a
1∆g) concentration is lower at the peak
value than the measurements. This discrepancy is due to lower O3 concentrations
within the 70◦ latitude bin in the climatology. Apart from this difference, there is a
good agreement between the scale, photochemical features, and characteristic decay
times at all points along the orbit track.
As the Odin orbit precesses throughout the year, the orientation of the orbit
plane to the sun changes, and this in turn changes the photochemical conditions.
The effect of this change can be seen in a comparison of the measured O2(a
1∆g)
seen in Figures 3.14 and 3.15. In the vernal equinox measurements, shown in Figure
3.15, the solar zenith angle changes much more gradually than during the summer
solstice measurements. This is reflected by the sharp ‘V’ shape of the peak O2(a
1∆g)
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Figure 3.14: Retrieved O2(a
1∆g) concentrations [cm
−3] for June 21, 2003.
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Figure 3.15: Retrieved O2(a
1∆g) concentrations [cm
−3] for March 21, 2004.
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concentration in the northern hemisphere. In addition the sunset and sunrise re-
gions of the measurements at 0 and 180◦ along track, respectively, are more spatially
extended in the March measurements. The modeled O2(a
1∆g) concentrations for
the vernal equinox orbit are shown in Figure 3.16. There is very good agreement
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Figure 3.16: Modeled O2(a
1∆g) concentrations [cm
−3] for a March 21, 2004 orbit.
between the modeled and measured results, and it is apparent that the model cap-
tures the varying photochemical conditions seen in the measurements. The lower
concentrations present at 70 and 110◦ along track seen in the modeled June data are
also present here, as the climatology in this region may not be properly representa-
tive of the O3 concentration. There is a measured enhancement that is not seen in
the modeled concentrations between 65 and 80 km and between 30 and 90◦ along
track. This enhancement is a tertiary ozone maximum, and its chemistry has not
been incorporated into the climatology. This feature is discussed in Section 5.4.
Comparisons between the vertical profiles of modeled and measured O2(a
1∆g)
at several points along the orbit track for a June 21, 2004 orbit are shown in Figure
45
3.17. It is apparent that there is good agreement between the modeled and measured
107 109 1011
50
60
70
80
90
  (a) Latitude: 82°
       Local time:12:08 
Al
tit
ud
e 
(km
)
107 109 1011
50
60
70
80
90
  (b) Latitude: 77°
       Local time:15:21 
107 109 1011
50
60
70
80
90
  (c) Latitude: 69°
       Local time:16:24 
Al
tit
ud
e 
(km
)
[O2(a
1∆g)] (cm
−3)
107 109 1011
50
60
70
80
90
  (d) Latitude: 59°
       Local time:17:08 
[O2(a
1∆g)] (cm
−3)
Figure 3.17: Comparison of measured (blue) and modeled (green) O2(a
1∆g) concen-
trations: four points along the ascending node.
O2(a
1∆g) between 45 and 70 km. Between 70 and 80 km, the modeled concentrations
are systematically higher, and the model does not capture the secondary O2(a
1∆g)
concentration peak at 85 km. This is again a result of the climatological O3 profile
used in the modeling, which exponentially scales the O3 concentration above 60 km
and does not incorporate a secondary ozone peak near 85 km. It is shown in Chap-
ter 5 that this does not present a problem for performing ozone retrievals, as the
measured O2(a
1∆g) structure near 85 km is correctly attributed as an ozone feature,
and forward modeling with the retrieved results accurately captures the structure.
In the next chapter, the model is used in the retrieval of mesospheric ozone
profiles. The validity of the assumption of photochemical steady-state is studied,
and a review of retrieval techniques and a comparison of their suitability to the
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problem are presented.
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Chapter 4
Review of Retrieval Techniques
4.1 Introduction
With an appropriate forward model, it is possible to perform retrievals of key atmo-
spheric quantities from relevant observations. The forward model described in the
previous chapter is used to retrieve mesospheric O3 for photochemical steady-state
conditions in the Odin orbit. In this chapter those regions in which steady-state
retrievals can be performed are described, and a comparison of several retrieval
techniques is presented. The choice of retrieval technique depends on several fac-
tors, including suitability to the data, computational speed, and accuracy of the
results. The retrieval techniques that have been tested in this study are:
1. A Levenberg-Marquardt nonlinear regression technique that performs itera-
tions on the photochemical model to minimize the squared error between model
results and measurements;
2. Optimal estimation, where a weighted average between the iterated O3 and
an a priori profile is taken;
3. An ‘onion-peeling’ algorithm that solves the photochemistry from the ‘top of
the atmosphere’ to the bottom of the retrieval region; and
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4. Steady-state and non-steady state nonlinear relaxation techniques.
The retrieval techniques are briefly described and compared. The performance of
retrievals that employ both the non-steady state (equation 3.18) and steady-state
(equation 3.21) continuity equations are examined in this chapter.
To simplify the notation in these discussions, the ozone height profile is expressed
as a vector, x, with elements xi. The singlet delta height profile is expressed as a
vector, y, with elements yj. The photochemical model described in the previous
chapter serves as a function that relates the two vectors.
4.2 Steady-State Region Determination
If the photochemical steady-state equation (3.21) is used for retrievals, the steady-
state configuration must be clarified and its regions of applicability throughout the
Odin orbit defined. The magnitude of the time derivative d[O2(a
1∆g)]
dt
in the continuity
equation (3.18) in relation to the concentration of O2(a
1∆g) over the course of the
Odin orbit can give an indication of where O2(a
1∆g) is in steady state. It is expected
that the daytime region of the orbit will be in photochemical steady-state and the
ascending and descending node regions, which correspond to sunset and sunrise
respectively, will show the largest values of d[O2(a
1∆g)]
dt
. The evaluation of the time
derivatives of O2(a
1∆g) from the measurements and their use to determine steady-
state conditions are described below.
4.2.1 In-Orbit Time Derivatives
The orientation of the Odin orbit with the ascending node at local sunset and the
descending node at local sunrise, as shown in Figure 4.1, allows the calculation of
the time derivative d[O2(a
1∆g)]
dt
from the retrieved O2(a
1∆g) concentrations along the
satellite track. As the suborbital point of Odin continually moves into earlier local
times, the changing local time at the measurement points can be used to evaluate a
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Figure 4.1: Odin latitude as a function of local time.
time derivative. The value d[O2(a
1∆g)]
dt
can be readily calculated with respect to local
time through a central-difference technique at each point along the satellite track.
This approach assumes that there are no differences due to latitudinal effects between
the points used in the central difference. As there is no assumption of transport in
the model, rigid rotation of the atmosphere with the earth is also assumed, and no
advection terms enter the time derivative,
d[O2(a)](t)
dt
' ∆[O2(a)](t)
∆t
=
[O2(a)](t+∆t) − [O2(a)](t−∆t)
2∆t
, (4.1)
where ∆t is the change in local time between points along the satellite track. The
time derivatives calculated for an orbit on June 21, 2003 are shown in Figure 4.2.
The effects of the O2(a
1∆g) photochemistry are readily apparent in the calculated
time derivatives. At points along the ascending node, local sunset, it is seen that
the time derivative is large and negative from 40 to 70 km. This is due to the setting
of the sun in these locations and the cessation of O3 photolysis. On the descend-
ing node, at local sunrise, the time derivative is large and positive, corresponding
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Figure 4.2: Calculated derivative d[O2(a
1∆g)]
dt
[cm−3s−1] for an orbit on June 21, 2003.
to production by the onset of photolysis and resonant absorption. Photochemical
steady-state conditions exist at altitudes above 75 km even when the sun is near the
horizon, as the quenching lifetime becomes much less than the radiative lifetime,
as was shown in Figure 2.2. The time derivatives calculated in this way provide a
useful scale for the change in O2(a
1∆g) at each measurement point. The structure
seen above 80 km in the time derivatives is probably due to dynamical effects in the
measurements that are not treated in the model.
4.2.2 Change in O2(a
1∆g) over Measurement Time
The IRIS effectively samples a two-dimensional grid that consists of the lowest
100 km of atmosphere along the orbit track, as shown in Figure 2.7. This grid
can be considered as a group of contiguous ‘cells’ that are arranged horizontally
(0.2◦ spacing in angle along the satellite track) and vertically (1 km spacing). A
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cell of the atmosphere defined in this way is measured by the IRIS by many lines of
sight over an elapsed time. As Odin moves at 7 km/s in orbit and has a line of sight
of 22◦ on a great circle, a single cell is sampled by OSIRIS for approximately five
minutes. The change in O2(a
1∆g) concentration over this time can be significant
in the ascending and descending node regions. The fractional change in concentra-
tion over the measurement time can be determined using the time derivatives from
equation (4.1) as
%Change[O2(a)] =
d[O2(a)](t)
dt
δt
[O2(a)](t)
, (4.2)
where δt is the elapsed measurement time and [O2(a)](t) is the concentration at the
central measurement time.
The values of the percentage change in O2(a
1∆g) concentration, calculated at six
points along the orbit track beginning at the highest latitude (local noon) and mov-
ing down the ascending node towards the equator (sunset), for an orbit on June 21,
2003, are shown in Figure 4.3. This figure shows that there is no significant change
in O2(a
1∆g) concentration during the measurement time for latitudes above 30
◦. At
lower latitudes, the lowest heights first begin to show non-steady state conditions,
where the change over the measurement time becomes significant at a latitude of
15◦. In Figure 4.3(e) and (f), it is seen that changes in concentration greater than
10% occur at heights below 50 km. It should be noted that the higher percentages
seen above 75 km do not necessarily reflect photochemical-induced change. These
heights are still illuminated throughout the ascending and descending nodes, and
photolysis still occurs. However, as measurements at these heights tend to show sig-
nificant structure due to dynamical effects that can change the concentrations of O3
and atomic oxygen, these effects also appear in the calculated time derivatives. The
steady-state region over the course of one orbit is indicated with the time derivatives
d[O2(a1∆g)]
dt
in Figure 4.4.
The effect of the change of season on the assumption of steady-state can be
seen by looking at the percentage changes measured for an orbit near the spring
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Figure 4.3: Percent change in O2(a
1∆g) concentration: six points along the ascend-
ing node for an orbit on June 21, 2003.
equinox. Percentage changes for an orbit on March 18, 2004 are shown in Figure
4.5. The change in O2(a
1∆g) concentration throughout the measurement period in
these measurements is greater than for the June measurements by nearly a factor
of two. Thus steady-state retrievals can only be used on a limited amount of the
measurements away from the solstice conditions.
For our purposes, we define that for a change in concentration less than 5% over
the measurement time, O2(a
1∆g) can be considered to be in photochemical steady-
state, and equation (3.21) can be used to perform ozone retrievals. This suggests
that the retrieved ozone concentration may have a corresponding 5% uncertainty due
to this change. This is the worst-case situation as the lowest altitudes are observed
for a time shorter than 5 minutes.
Analysis was performed in this work to identify the photochemical steady-state
53
58.9 59.6 0.4 -58.9 -59.6 -0.4
65.8 60.9 85.7 114.2 119.1 94.3
Track angle
Latitude
SZA
Al
tit
u
de
 
(km
)
60 120 180 240 300 360
40
50
60
70
80
90
100
110
-6
-4
-2
0
2
4
6
8
x 106
Photochemical
Steady-state
region
Figure 4.4: Calculated derivative d[O2(a
1∆g)]
dt
[cm−3s−1] for an orbit on June 21, 2003.
regions of the orbit, as defined, on a monthly basis as a function of latitude. As the
solar zenith angles along the ascending and descending nodes are generally different,
the steady-state regions will not be symmetric in latitude along the ascending and
descending nodes. The minimum heights of the regions in which steady-state condi-
tions exist, for both ascending and descending node regions in 10◦ latitude bins, are
shown for the northern hemisphere in Table 4.1 and for the southern hemisphere in
Table 4.2.
The minimum heights of the photochemical steady-state region, as a function of
latitude, are shown for May to August in Figure 4.6. It is seen in this figure that
for months centered on summer solstice, photochemical steady-state conditions exist
for all measured heights for latitudes above 45◦. At lower latitudes, the minimum
height of the steady-state region rises as the sun nears the horizon. The higher
solar zenith angles during the descending node cause the asymmetry seen in this
figure. The reversal of this trend during daytime measurements made in the southern
hemisphere can be seen in Figure 4.7.
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Figure 4.5: Percent change in O2(a
1∆g) concentration: six points along the ascend-
ing node for an orbit on March 21, 2004.
With this assumption of photochemical steady-state conditions at the measure-
ment point, the quantity that is retrieved is the mesospheric O3 profile at local noon
conditions at the measurement point.
4.3 Retrieval Techniques
A survey of retrieval techniques that have been implemented in this work with the
photochemical model is presented. The first four techniques employ the steady-state
form of the continuity equation (3.21) and the fifth employs the non-steady state
form, equation (3.18).
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Month Center of Latitude Bin
5◦N 15◦N 25◦N 35◦N 45◦N 55◦N 65◦N 75◦N 85◦N
March 60
75
60
70
55
60
50
50
45
45
45
45
45
45
45
45
45
45
April 70
75
65
55
60
50
50
45
50
45
45
45
45
45
45
45
45
45
May 75
75
65
55
60
45
50
45
45
45
45
45
45
45
45
45
45
45
June 75
75
65
55
60
45
50
45
45
45
45
45
45
45
45
45
45
45
July 75
75
70
60
55
45
50
45
45
45
45
45
45
45
45
45
45
45
August 75
75
70
60
60
50
50
45
45
45
45
45
45
45
45
45
45
45
September 70
75
60
65
60
45
50
45
45
45
45
45
45
45
45
45
45
45
Table 4.1: Minimum height (Ascending node/Descending node) in kilometers of
steady-state regions by month: northern hemisphere.
Month Center of Latitude Bin
5◦S 15◦S 25◦S 35◦S 45◦S 55◦S 65◦S 75◦S 85◦S
October 70
70
65
50
60
45
55
45
45
45
45
45
45
45
45
45
45
45
November 75
55
70
50
60
45
55
45
45
45
45
45
45
45
45
45
45
45
December 75
70
70
60
55
50
45
45
45
45
45
45
45
45
45
45
45
45
January 60
75
50
75
45
75
45
55
45
45
45
45
45
45
45
45
45
45
February 45
75
45
75
45
75
45
75
45
65
45
45
45
45
45
45
45
45
Table 4.2: Minimum height (Ascending node/Descending node) in kilometers of
steady-state regions by month: southern hemisphere.
4.3.1 Levenberg-Marquardt Nonlinear Regression
The retrieval of ozone concentrations from a set of O2(a
1∆g) measurements can
be approached as a nonlinear regression problem in which the ozone height profile
is modified to minimize the squared error χ2 between the modeled and measured
O2(a
1∆g). The problem is nonlinear because the calculated photolysis coefficient,
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Figure 4.6: Latitude and minimum heights of photochemical steady-state region by
month: northern hemisphere.
equation (3.10), depends exponentially on the ozone column above the measurement
point. Because of this nonlinearity an iterative solution is used.
Levenberg-Marquardt regression (Press et al., 1992) uses a combination of steepest-
descent and inverse-Hessian error-minimization techniques. At each iteration, a
weighting function matrix, K,
Kij =
∂y(j)
∂x(i)
≈ ∆y(j)
∆x(i)
, (4.3)
is calculated. This corresponds to the change in each measured O2(a
1∆g) con-
centration, y(j), for a unit change in each O3 concentration, x(i). The weighting
functions are evaluated by perturbing each O3 concentration in the height profile by
an amount, ∆x(i), and calculating the resulting change in the O2(a
1∆g) concentra-
tion, ∆y(j). To approximate the derivative, a 0.25% perturbation is added to each
of the O3 concentrations.
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Figure 4.7: Latitude and minimum heights of photochemical steady-state region by
month: southern hemisphere.
A matrix equation is solved to provide the update in the O3 profile, ∆x, at the
current step,
A ·∆x = b. (4.4)
Elements of the matrix Akl contain values of the mixed second derivatives
∂2χ2
∂xk∂xl
from cross-terms in the weighting function, and elements of b are the product of the
modeled-measured difference with the first derivatives ∂χ
2
∂xk
. A selection parameter
within the diagonal elements of the matrix A determines the choice of minimization
technique used. When the error χ2 is large, A becomes diagonally dominant, and
a steepest-descent technique is used to calculate ∆x. As the solution approaches
the minimum and χ2 decreases, the diagonal elements no longer dominate, and the
inverse-Hessian solution determines the next step in parameter space.
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4.3.2 Optimal Estimation
Optimal estimation (Rodgers, 1976) is a standard retrieval technique employed in
satellite remote sensing. Its goal is to estimate inputs to a model that are most
consistent with the observations, given the measurement error. The technique finds
an estimate of a quantity xˆ using the weighted average of two independent measure-
ments x1 and x2 with standard deviations σ1 and σ2,
xˆ =
(
1
σ21
+
1
σ22
)−1(x1
σ21
+
x2
σ22
)
. (4.5)
A priori information is assumed about the nature of the solution and is used as a
‘virtual measurement’ of the quantity to be retrieved. This gives the a priori the
same status within the retrieval technique as the measurements. The two ‘measure-
ments’ in equation (4.5) are the physical measurement and the a priori information,
weighted by the inverses of their covariances and combined as an estimate to the
solution. When equation (4.5) is expressed in matrix form, the standard deviations
σ become covariance matrices that express the covariance between the ozone concen-
trations at different heights. The addition of the a priori constraint to the retrieval
adds a ‘smoothing’ criterion to the retrieval, and ensures that the retrieved results
will, on average, be evenly distributed about the a priori profile. In this work, the
ozone concentrations from the Labow climatology are used as the a priori data.
This technique has the advantage of wide acceptance in the remote sensing com-
munity and yields results that do not differ significantly from the expected results.
However, the use of an a priori constraint will necessarily suppress results that are
not in accordance with the assumed form of the solution.
The nonlinearity of the retrieval problem is handled in optimal estimation by
using an iterative approach to the solution. At each iteration, a weighting function
matrix (4.4) is calculated, and the step taken in parameter space is calculated ac-
cording to the average of the a priori and the difference between the model and
measurements. The inverses of the error in the measurements and modeled values
are used to weight their contributions.
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4.3.3 Onion-Peeling
The retrieval schemes discussed to this point use iterative approaches to the solu-
tion, successively approximating the solution by minimizing some error value. Both
techniques require the calculation of a weighting function to determine the step to
be taken in parameter space. For a retrieval that solves for M parameters, each
weighting function calculation requires M forward model calculations, as the in-
dividual forward model responses to small perturbations in each input parameter
is required. In addition, matrix inversions are required for both techniques. Such
a computationally intensive retrieval scheme severely limits the ability to process a
massive amount of data; there are on the order of ten thousand orbits of observations
with the OSIRIS instrument already available.
However, it is possible to determine the O3 concentrations without the calculating
weighting functions. The ‘onion-peeling’ approach solves the continuity equation
(3.21) for a series of heights in a top-down fashion. The zero-optical depth photolysis
coefficient, J∞, discussed in Section 3.4.1, is used at a ‘top of the atmosphere’ height
to calculate the O3 concentration through the continuity equation (3.18). This
concentration is then incorporated into a calculation of the ozone column to a point
below, where the O3 photolysis coefficient is calculated at a lower height. This new
J-value can then give the O3 concentration at that height through the solution of
the continuity equation at this lower height. By solving equation (3.18) sequentially
downward to the bottom of the retrieval region, a height profile of mesospheric ozone
is obtained.
This technique is conceptually simple, avoids the calculation of weighting func-
tions, and easily provides O3 concentrations from O2(a
1∆g) measurements. However,
this technique can provide unstable results in the upper mesosphere, where the small
amount of O2(a
1∆g) present can overestimate the O3 concentration.
60
4.3.4 Steady-State Ratio Technique
The other retrieval methods that have been examined are based on a nonlinear
relaxation, or ratio, technique. These methods employ an iterative scheme that
requires no a priori information and use the ratio of measured to modeled O2(a
1∆g)
to estimate the ozone concentrations.
The forward model described in this work produces a set of output O2(a
1∆g) con-
centrations, xi, from a set of input O3 concentrations, yi, described by a moderately
nonlinear system. Chahine (1970) showed that for a problem where a measurement,
yj, is most strongly affected by the parameter xi, it is possible to solve iteratively
for the parameter xi by adjusting it by the ratio between the measured and modeled
data values,
x
(n+1)
i = x
(n)
i
(
yobsj
y
(n)
j
)
. (4.6)
Here the ozone concentration at the nth iteration, x
(n)
i , results in a series of O2(a
1∆g)
concentrations, y
(n)
j , at this iteration and y
obs
j is the measured singlet delta concen-
tration.
The justification for this approach relies on the fact that the weighting function
for a given measurement yj peaks at a specific ozone concentration xi in this problem.
There is a small negative contribution to the O2(a
1∆g) concentration from ozone at
heights above due to Hartley band absorption, but this contribution is very small
compared to the contribution of the ozone at the same height as the O2(a
1∆g)
measurement. As a result, the ratio of the measured to modeled O2(a
1∆g) at each
height may be used as a weight to modify the O3 concentration at that height at
each iteration.
This approach is fast, requires no evaluation of weighting functions, and accu-
rately recovers the measured O2(a
1∆g) within two or three iterations.
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4.3.5 Time-Dependent Ratio Technique
The ratio technique presented in the previous section may also be used in a time-
dependent retrieval. The goal of this technique is to retrieve the local-noon O3
profile at each point along the orbit track. This is accomplished by choosing an
estimate of the O3 profile at local noon at the measurement point, and integrating
the continuity equation from local noon until the measurement time. The ratio
technique, equation (4.6), is then applied to the measured and modeled O2(a
1∆g)
concentrations at the measurement’s local time. This process is repeated until the
change in the local-noon O3 concentration is less than some pre-defined value.
This technique arguably provides the best measure of the O3 concentration as no
steady-state assumptions are required. However, the integration of the continuity
equation makes it computationally intensive. As well, the effects of dynamics become
increasingly important as the model is integrated forward in time.
4.4 Comparison of Techniques
4.4.1 Comparisons of Retrieved O3 and O2(a
1∆g)
The techniques reviewed in the previous section provide different results for the re-
trieved O3 profiles. The retrieved ozone profiles for a latitude of 68
◦ for a June 21,
2003 orbit, obtained using each technique, are shown in Figure 4.8. In this figure
two solutions are evident. The time-dependent technique provides characteristi-
cally lower O3 concentration profiles because the non-steady state photochemistry
is considered, and the other techniques provide essentially identical results. The
time-dependent technique retrieves the O3 concentrations at local noon at that lo-
cation, when the ozone concentration is always lowest due to the diurnal variation.
The steady-state retrieval techniques obtain characteristically higher concentrations
of ozone, since the values are retrieved for the local time at measurement. The main
differences between the retrieved O3 concentrations exist above 65 km, where effects
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Figure 4.8: Retrieved O3 concentrations for 68
◦N on June 21, 2003: comparison of
retrieval techniques.
due to dynamical structures can become significant. In this region, the calculated
O3 structures still apply, however the retrieved concentrations will show a larger
uncertainty. It is also evident from this figure that the O3 concentration retrieved
by optimal estimation is characteristically higher below 55 km. The the weighted
average taken with the a priori profile causes this deviation.
The recovered O2(a
1∆g) concentrations that were obtained from the O3 profiles
shown in Figure 4.8, for each retrieval technique, are shown with the measured
O2(a
1∆g) concentrations in Figure 4.9. It is evident that the results from the five
retrieval techniques are very similar. All techniques, apart from the onion-peel
algorithm, accurately recover the measured O2(a
1∆g) profile; the onion-peeled result
is systematically higher. This is due to the inherent uncertainty that results from
very low O2(a
1∆g) concentrations near the top of the measurement region. As a
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◦N on June 21, 2003: compar-
ison of retrieval techniques.
result the technique must work downwards before stabilizing.
4.4.2 Selection of Retrieval Technique
To be selected as a valid retrieval method, a technique must accurately reproduce
the measurements by adjusting forward model parameters. In the previous section,
it was seen that O3 profiles retrieved by the Levenberg-Marquardt, steady-state
ratio, and time-dependant ratio methods all recovered O2(a
1∆g) concentrations that
were in very good agreement with the measurements. The selection of a retrieval
technique depends on a combination of accuracy and speed. A comparison of the
speed of the retrieval techniques is shown in Table 4.3. The more computationally-
intensive nature of the Levenberg-Marquardt technique prevents it from being used
on an operational basis. For this reason, the steady-state and non-steady-state ratio-
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Technique Speed
(sec/profile)
Levenberg-Marquardt 7
Optimal estimation 6
Onion-peel < 1
Nonlinear relaxation < 1
Time-dependent 50
Table 4.3: Comparison of retrieval techniques.
based techniques are used for performing retrievals. The steady-state ratio technique
provides both very accurate recovery of the measured O2(a
1∆g) concentration, as
well as speed in performing retrievals.
4.4.3 Systematic Differences between Ratio-based Retrieval
Techniques
It was seen in the previous subsection that the steady-state and non-steady state
ratio-based techniques provide retrieved O3 profiles that are systematically different.
The time-dependent technique retrieves values of O3 that are characteristically lower.
The time-dependent technique must necessarily give the most accurate results as
it includes the time-dependent photochemistry. However, the need to integrate the
continuity equation prevents it from being an operational method. For this reason,
results from the time-dependent technique are used as a baseline retrieval, and the
steady-state ratio-based retrievals are used for performing operational retrievals.
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4.5 Retrieved O3 in the Odin Orbit
Once the retrieval technique has been established, retrievals can be performed on
an operational orbit-by-orbit basis for the duration of the Odin mission up to the
current time.
The average retrieved O3 from several orbits on June 21, 2003 is shown in Figure
4.10. It should be noted in this figure, and in subsequent two-dimensional plots of
ozone, that the false-color scale indicates logarithmic concentrations of O3 (unless
otherwise noted). It is seen in this figure that higher concentrations of ozone are
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Figure 4.10: Average retrieved O3 concentrations [log10(cm
−3)] for eight orbits on
June 21, 2003.
seen at heights near 75 km in the polar region. An additional O3 structure is seen
near 80 km below 60◦ along the orbit track. In this figure, retrieved O3 is shown for
30 to 150◦ along the orbit track as this is the photochemical steady-state region.
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Chapter 5
Retrieval Sensitivity and
Comparisons
5.1 Introduction
In this chapter the sensitivity of ozone retrievals to the loss coefficients of O2(a
1∆g)
is examined. A preliminary comparison of the retrieved results to those obtained by
two other instruments is also presented. It is shown that the use of complementary
measurements from another instrument can be used to fix the values of O2(a
1∆g)
loss coefficients used to perform retrievals.
5.2 Retrieval Sensitivity Analysis
In this section the sensitivity of O3 retrievals to model parameters is discussed. The
parameters that most strongly affect retrievals are the kinetic rates for collisional
quenching of O2(a
1∆g) and the Einstein A-value (Mlynczak and Olander, 1995).
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5.2.1 Kinetic Reaction Rates
There is presently significant uncertainty associated with the reaction rates for
O2(a
1∆g) quenching by O2 and N2. This uncertainty results from choice of the
‘accepted’ values that are used and from the experimental uncertainty of the coef-
ficients. From the continuity equation, it is expected that a change in the kinetic
reaction rates for O2(a
1∆g) quenching will proportionately change the retrieved con-
centrations of O3.
The two sources for quenching coefficients used in the present work are the
evaluations from the Jet Propulsion Laboratory (JPL) (Sander et al., 2003) and
from the International Union of Pure and Applied Chemistry (IUPAC) (Atkinson et
al., 2005). These data evaluations provide comprehensive reviews of the kinetic and
photochemical literature, and frequently provide different recommended values for
the same reaction. The O2(a
1∆g) quenching coefficients reported by these sources
are shown in Table 5.1. The variance in the retrieved O3 profile, at a latitude of
Reaction Rate IUPAC JPL
[cm3/s] (Atkinson et al., 2005) (Sander et al., 2003)
k∆,O2 3.0× 10−18exp(−200/T ) 3.6× 10−18exp(−220/T )
k∆,N2 1.4× 10−19 1× 10−20
Table 5.1: Reported values of O2 and N2 quenching coefficients.
68◦ and a solar zenith angle of 61.5◦, that is due to the choice of O2 quenching
coefficient is shown in Figure 5.1. The minimum and maximum profiles that are
obtained by considering the experimental uncertainty of the respective coefficients
are also shown.
The reported values of N2 quenching coefficients do not include experimental
uncertainties. The variation in retrieved O3 due to the use of the two N2 quenching
coefficients is shown in Figure 5.2.
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Figure 5.1: Change in retrieved O3 concentration profile due to choice of O2 quench-
ing coefficient.
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Figure 5.2: Change in retrieved O3 concentration profile due to choice of N2 quench-
ing coefficient.
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5.2.2 Spontaneous Emission Coefficient
In addition to the variation in retrieved O3 caused by the choice of quenching coef-
ficients, there is significant variability associated with the OIRA band spontaneous
emission coefficient that is used. This coefficient, the Einstein A-value, is a key
model parameter as it is used in converting the retrieved O2(a
1∆g) volume emis-
sion rates (VER) to concentrations, and is also involved in loss of O2(a
1∆g) in the
photochemical model. Several reported values are shown in Table 5.2. The A-value
A∆ [s
−1] Reference
2.58× 10−4 Badger et al. (1965)
1.47× 10−4 Mlynczak and Nesbitt (1995)
2.19× 10−4 Newman et al. (1999)
Table 5.2: Reported spontaneous emission coefficients for O2(a
1∆g) radiation.
reported by Badger et al. was the accepted value in aeronomy for many years. This
was primarily called into question by Mlynczak and Nesbitt, who reported a much
smaller value and cited measurements that predate Badger’s paper to support their
value. More recent studies by Newman et al. (1999) and Sˇpalek et al. (1999) report
A-values that lie between the two extremes, and agree with the Badger value within
experimental uncertainty.
The different retrieved O3 profiles for three values of the spontaneous emission
coefficient, A∆, are shown in Figure 5.3. It is apparent from this figure that the
variation in the A-value causes significant uncertainty in the retrieved O3 profile.
5.2.3 Selection of Parameters
From all possible combinations of the three O2(a
1∆g) loss coefficients, two sets can
be identified: one that will minimize and one that will maximize the retrieved O3 for
a given set of O2(a
1∆g) measurements. The retrieved O3 concentrations from these
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Figure 5.3: Change in retrieved O3 concentration due to choice of O2(a
1∆g) Einstein
A-value.
sets provide a measure of the uncertainty associated with the retrieved OSIRIS O3
profiles due to parameter uncertainty. The retrieved concentrations of ozone that
result from using each of the sets are shown in Figure 5.4. The retrieved O3 profile
that was found with the selected set of parameters for retrievals is also shown. The
calculated uncertainty in the retrieved results agree very well with the uncertainties
reported from a previous sensitivity analysis (Sica, 1991).
The selection of the coefficients used in retrievals is based on agreement with
concurrent measurements with another instrument. This comparison is presented
in Section 5.3.1.
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Figure 5.4: Range of retrieved O3 concentration obtained using the minimizing and
maximizing parameter sets.
5.3 Comparisons of Retrieved O3
5.3.1 Cross-comparison of Optical Spectograph and InfraRed
Imaging System Ozone Measurements
The two OSIRIS instruments, the Optical Spectrograph (OS) and the InfraRed
Imaging System (IRIS), have coaligned optical axes and make measurements si-
multaneously. The OS performs retrievals of O3 from the upper troposphere to
the lower mesosphere through radiance measurements in the Chappuis and Hartley
bands (Degenstein et al., 2005). The wavelengths used with OS retrievals depend
on the dominant absorption feature in a given height range. For the upper strato-
sphere and lower mesosphere measurements, retrievals are based on Hartley band
radiances. Ozone concentrations are retrieved by iterations with a fully spherical
radiative transfer model that employs successive orders of scattering.
Spectrograph retrievals are performed up to a height of 60 km, which gives 10 km
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of overlap and concurrent measurements with the two instruments. As the measure-
ments are made simultaneously, comparisons may be done between the retrieved O3
from the two instruments. Also, as OS retrievals are based on direct measurement,
they are independent of the rate coefficients involved in O2(a
1∆g) photochemistry.
There is a small sensitivity of these retrievals to the absorption cross sections used;
however, this error does not scale the retrieved O3 proportionately, as is the case
with the rate coefficients.
This dual measurement capacity allows for a determination of the best choice of
rate coefficients for IRIS retrievals. Many imager observations are made during the
course of one spectrograph scan, so comparisons are done by averaging the retrieved
IRIS O3 profiles made during each spectrograph scan, an elapsed time of roughly
ninety seconds. A comparison of the retrieved ozone from both instruments at a
latitude of 47◦N for an orbit on June 21, 2003 is shown in Figure 5.5. There is
107 108 109 1010 1011
50
55
60
65
70
75
80
85
90
O3 Concentration (cm
−3)
Al
tit
ud
e 
(km
)
OS
IRIS
Figure 5.5: Comparison of OS and IRIS retrieved O3: 47
◦N, June 21, 2003.
excellent agreement between the measurements made by the two instruments in
the overlapping height range. The ozone profiles retrieved within this height range
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typically show very little structure, and are characterized by a simple exponential
decay up to a height of 75 km. The simple exponential decay characteristically
seen in this overlap region readily allows for comparisons between the retrieved
results from the two instruments. It should be noted that Von Savigny (2002) and
Degenstein et al. (2005) performed numerous comparisons of O3 retrieved from the
OS and other instruments, and have found excellent agreement with satellite-based
and ozonesonde measurements.
In the overlapping height range, comparisons can be done by plotting the O3 con-
centrations at each height from the two instruments against each other. A scatter
plot of the retrieved O3 using the steady-state ratio technique for a June 21, 2003 or-
bit is shown in Figure 5.6 for the three parameter sets described in Section 5.2.3. This
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Figure 5.6: Scatter plot of retrieved O3 from the optical spectrograph and the in-
frared imaging system.
figure shows excellent agreement between the results retrieved from the two instru-
ments when the correct parameter set is used. A large number of comparisons have
been done, and it has been found that the parameters that best match the results
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between instruments are a spontaneous emission coefficient of 2.19×10−4 s−1 (New-
man et al., 1999) and O2 and N2 quenching coefficients of 3.0× 10−18exp(−200/T )
and 1.0× 10−20 cm3s−1, respectively. These are the parameters that are used for all
retrievals in this work.
5.3.2 Cross-comparison with SME Measurements
The Solar Mesospheric Explorer (SME) (Thomas et al., 1984) made measurements
of the 1.27 µm band with a limb-scanning spectrometer in the stratosphere and
mesosphere for a number of years and provided the first global picture of mesospheric
O3 and O2(a
1∆g).
Some basic comparison can be made between the SME reported average mid-
latitude O3 for the month of June and that retrieved from OSIRIS. The reported mid-
latitude ozone profile for June from SME is shown together with the analogous result
from OSIRIS in Figure 5.7. It is apparent from this figure that the O3 concentrations
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Figure 5.7: Comparison of OSIRIS June average with SME and previous climato-
logical values.
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retrieved by OSIRIS are characteristically lower than the SME average.
The retrievals of O3 concentrations from SME face the difficulties encountered
with OSIRIS. Both retrievals are sensitive to the same reaction rates, and small
variations in these values can significantly change the retrieved O3 concentrations.
However, the use of cross-comparisons with an independent and concurrent mea-
surement of O3 provides a useful means for establishing the values of the reaction
rates used in the retrieval.
The chemistry used with the reported SME retrievals did not consider the con-
tributions from the A-band transfer, so it is expected that the OSIRIS values should
be systematically lower than those obtained by SME.
5.4 Tertiary Mesospheric O3 Enhancement
A tertiary ozone maximum has been observed with OSIRIS in the northern and
southern hemispheres. This layer appears consistently as an enhancement to the
retrieved O2(a
1∆g) concentrations in both hemispheres for several months following
each hemisphere’s winter-to-summer equinox. An example of the enhancement seen
in the O2(a
1∆g) concentrations is shown in Figure 5.8. The peak appears as a
‘finger’ that becomes distinct from the primary maximum near 70 km. The height
of the layer’s peak concentration changes with latitude, from above 80 km at low
latitudes to 68 km near the pole. The change in the peak height can be attributed to
differences in optical depth between ultraviolet regions that offset the production and
loss mechanisms of odd-oxygen, Ox. The feature appears as a strong enhancement
throughout a daily average of O2(a
1∆g), eliminating the possibility that this is an
effect related to tidal activities.
The existence of a secondary O3 maximum near 85 km was first discussed by
Hays and Roble (1973). The secondary (85 km) peak was found to result from in-
creased production of atomic oxygen by photolysis in the Schumann-Runge bands
and continuum. The depth of the O3 minimum near 75 km between the primary
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Figure 5.8: O2(a
1∆g) observations showing tertiary enhancement: average of ten
orbits on April 10, 2002.
and secondary peaks depends on the catalytic destruction rates of Ox by odd hy-
drogen species (HOx = H + OH + HO2). Marsh et al. (2001) suggested that as
odd-hydrogen species are produced primarily by water vapor photolysis, at wave-
lengths below 185 nm, large optical depths for these wavelengths will result in an
increase in odd oxygen. If the atmosphere is less optically thick to UV wavelengths
above 185 nm, production of Ox by the Schumann-Runge system continues, and its
ongoing production is not matched by the typical corresponding losses. Marsh et
al. also provided modeling work that suggested this is a valid production mecha-
nism and gave several examples of single detections by the Microwave Limb Sounder
(MLS) and CRyogenic Infrared Spectrometers and Telescopes for the Atmosphere
(CRISTA) instruments.
The global picture of the enhancement provided by OSIRIS, showing both the
spatial extent of this enhancement and its long-lived nature, provides a new insight
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into the photochemistry of mesospheric ozone. The ozone concentrations retrieved
from the O2(a
1∆g) measurements shown in the previous figure are shown in Figure
5.9. This shows a significant enhancement in the O3 concentration in the region
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Figure 5.9: Retrieved O3 concentration log10(cm
−3) showing tertiary enhancement:
average of ten orbits on April 10, 2002.
where the ‘finger’ structure was seen in Figure 5.8. Enhanced O3 concentrations
are evident between 70 and 80 km on the ascending node segment. The change in
the tertiary peak height with latitude agrees with the suggestions by Marsh et al.,
as the critical optical depth occurs at lower measurement heights when the sun is
higher. This work has recently been reported by Degenstein et al., 2005.
5.5 Polar Maps of Mesospheric Ozone
Successive orbits of retrieved O3 can be combined and binned to give maps of meso-
spheric ozone at a given height. Interesting features have been observed in the
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retrieved O3 concentrations when the vertical sum of the 85 km secondary peak is
mapped. The north pole map of the retrieved 80-90 km O3 columns from ten orbits
on June 21, 2003 are shown in Figure 5.10. A structure that is possibly indicative
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Figure 5.10: Retrieved sum of O3 concentrations [cm
−3] from 80-90 km for June 21,
2003.
of wavenumber-4 dynamical activity is evident in this figure, with maxima in O3
concentration near 60◦N at longitudes of 105◦W, 15◦W, 75◦E, and 165◦E. Similar
maps can be made for other altitude regions.
5.6 Summary
The sensitivity of O3 retrievals to key model parameters has been presented in
this chapter, and it has been shown that experimental uncertainty in the O2(a
1∆g)
quenching coefficients and A-values can cause significant uncertainty in the retrieved
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O3 profiles. Preliminary comparisons of retrieved O3 with the results of other instru-
ments have shown good agreement. Comparisons of ozone concentrations retrieved
in this work with concurrent measurements have shown excellent agreement, and
have given an independent, complementary measurement that is not sensitive to the
same parameters.
A database of retrieved mesospheric ozone has been produced for the course of
the Odin mission to date.
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Chapter 6
Summary and Conclusions
6.1 Summary of the Present Work
In the present work a photochemical software model that models the expected con-
centrations of excited-state molecular oxygen for a given set of ozone concentrations
has been developed. This model has been run and tested in a variety of cases, and
has been found to accurately capture the photochemical features observed with the
OSIRIS instrument on the Odin satellite.
This model has also been used in conjunction with a nonlinear relaxation retrieval
technique to retrieve concentrations of mesospheric ozone from OSIRIS measure-
ments of excited-state molecular oxygen. The retrieval technique very accurately
matches the recovered, modeled concentrations of excited-state molecular oxygen
to the measurements. Preliminary comparisons have been performed with other
instruments making similar measurements, and it has been found that the ozone
concentrations retrieved in this work are in excellent agreement with the results
obtained by other instruments.
Due to the measurement uncertainties in kinetic rate coefficients used in re-
trievals, there is an associated error in the retrieved ozone concentrations. Com-
parisons have been made with concurrent ozone measurements from an instrument
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whose retrievals are insensitive to these reaction rates, and excellent agreement have
been found with the ozone concentrations obtained in this work. This comparison
method also provides a means to further study the values of these coefficients.
6.2 Recommendations for Future Work
There is an obvious need to extend the comparison of the retrieved ozone from the
InfraRed Imaging System with contemporary instruments that measure mesospheric
ozone. The comparison of retrieved results with instruments that use different mea-
surement techniques is critical in the evaluation of retrievals and in validation of a
data product. However, it is beyond the scope of the present work. The Microwave
Limb Sounder (MLS) on the Aura spacecraft views microwave emissions to retrieve
ozone densities, and provides extensive global coverage. GOMOS (Global Ozone
Monitoring by Occultation of Stars) on the Envisat satellite gives spatially limited
but very high-resolution ozone measurements that would be useful for comparisons
of structures seen in retrieved results. In addition, MIPAS (Michelson Interferometer
for Passive Atmospheric Sounding) on Envisat, a Fourier transform limb spectrom-
eter, provides another complementary measurement. This comparison work would
also have the benefit of establishing values for the quenching coefficients for singlet
delta molecular oxygen.
The model developed in this work does not simultaneously solve for mesospheric
odd-hydrogen species. However, such a model has been developed and should be
incorporated in future work.
Further work is also necessary in the development of a time-dependent retrieval.
The present work employs a steady-state retrieval technique that assumes that the
O2 singlet delta concentration has not changed by more than a few percent during
the measurement time. A significant portion of the ascending and descending nodes
of the Odin orbit are in photochemical non-steady state conditions, where a fully
time-dependent retrieval is required to exploit the OSIRIS data fully.
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6.3 Conclusion
A database of mesospheric ozone concentrations retrieved from measurements made
by the OSIRIS InfraRed Imaging System has been produced in this work. This
database provides ozone concentrations throughout the course of the Odin mission,
within the height and latitude ranges specified in Tables 4.6 and 4.7.
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